Abstract Sedimentary strata of the terminal Ediacaran (635-542 Ma) to early Laobao-Liuchapo bedded cherts in the South China Block include the Ediacaran Oxidation Event and the Cambrian explosion. Understanding the origin and depositional environment of the bedded cherts may provide insight into how the Earth's surface environment changed between the Proterozoic and Phanerozoic. We measured major and trace element compositions and Ge/Si ratios of the Laobao cherts from northern Guangxi province. The Laobao cherts were deposited in the deep basinal environment of the South China Block. We show that the composition of the Laobao cherts is determined by a mixture of four components: quartz, clay, carbonate, and pyrite/iron-oxide. The quartz component is the dominant component of the Laobao cherts. The maximum estimated Ge/Si of the quartz component is between 0.4 and 0.5 lmol/ mol, which is close to the Ge/Si of modern seawater and biogenic silica but 1 order of magnitude lower than that of hydrothermal fluids. These Ge/Si systematics suggest that normal seawater rather than midocean ridge hydrothermal fluids is the primary Si source for the Laobao cherts. The Ge/Si of the clay component varies between 1 and 10 lmol/mol, which is comparable to the Ge/Si of typical marine clays, but 10-100 times lower than that of chert nodules from early Ediacaran beds (the Doushantuo Formation) predating the terminal Ediacaran Laobao cherts studied here. Our observations indicate that the clay component Ge/Si ratio decreased from the early Ediacaran to the late Ediacaran. We speculate that high Ge/Si ratios in clays reflect the preferential chelation of Ge by dissolved organic compounds adsorbed onto clays. If so, this suggests that the decrease in Ge/Si ratio of the clay component in the Ediacaran signifies a decrease in the total dissolved organic carbon content of seawater toward the Ediacaran-Cambrian transition, consistent with oxidation of the oceans during the late Ediacaran. Finally, the seawater origin of the Laobao cherts also suggests that replacement of carbonate may not be the primary cause for bedded chert formation. Instead, direct precipitation from seawater or early diagenetic silicification of calcareous sediments, perhaps due to the emergence of Si-accumulation bacteria, may have been responsible for the bedded Laobao-Liuchapo chert formation in South China Block.
Introduction
The Ediacaran (635-542 Ma)-Cambrian (542-488 Ma) transition is a critical interval in Earth's history. During this transition, Earth experienced dramatic changes in its atmosphere, hydrosphere, and biosphere. A prerequisite for the evolution of animal life is a substantially oxygenated ocean [Knoll, 1996] . Recent studies indicate that atmospheric oxygen remained low (probably <0.1% of present atmospheric level) during the mid-Proterozoic (1.8-0.75 Ga) and that oxygenation might have begun as early as 750 Ma Planavsky et al., 2014; Reinhard et al., 2013] . However, deep ocean oxidation might not occur until the Ediacaran Period, collectively termed the Ediacaran Oxidation Event or Neoproterozoic Oxidation Event [Fike et al., 2006; Kaufman et al., 2007; McFadden et al., 2008; Shields-Zhou and Och, 2011] . The evidence cited for the oxidation of Ediacaran oceans comes from a global negative carbon isotope excursion (the Shuram excursion), interpreted to result from remineralization of dissolved organic carbon (DOC) stored in anoxic deep oceans [Fike et al., 2006; Kaufman et al., 2007; McFadden et al., 2008; Rothman et al., 2003] . Of interest is the possibility that the initiation and the full extent of the Cambrian explosion of diversity postdated the Ediacaran Oxidation Event by more than 10 and 30 million years. For example, Ediacaran-Cambrian sediments in the South China Block (SCB) show that the negative carbon isotope excursion in the Doushantuo Formation (EN3) occurred before 551 Ma [Condon et al., 2005; McFadden et al., 2008; Zhu et al., 2013] , but the Cambrian explosion began at 541 Ma and was not complete until 521 Ma [Shu, 2008] .
In order to understand how the oxidation of Ediacaran oceans and Cambrian explosion relate to each other, it is important to study continuous sedimentary sections that have conformable contacts with both the underlying Ediacaran and the overlying early Cambrian strata. Compared with the fossiliferous but stratigraphically incomplete carbonate/shale sequences in the platform of the SCB, formations deposited in deep water settings, like the bedded Laobao-Liuchapo cherts, continuously and conformably span these two events [Chen et al., 2015] . This stratigraphically complete bedded chert may provide a unique window into understanding the Ediacaran-Cambrian transition.
Two goals are pursued in this study. First, we aim to constrain the origin of Si making up the bedded cherts. Based on various major and trace element systematics as well as Si isotopes, the Si is thought to originate from normal seawater (continental weathering fluxes is the dominant Si input) or abrupt eruption of midocean ridge hydrothermal fluids [Chang et al., 2008 [Chang et al., , 2010 Fan et al., 2013; Peng et al., 1999; Wang et al., 2012b; Yang et al., 2011; Zhao, 1999] . To gain further insight into the origin of the chert, we examined the germanium (Ge) and Si systematics of the Laobao cherts from northern Guangxi province, South China. Ge and Si belong to the same group in the Periodic Table and have similar chemical properties. In silicate minerals, Ge can replace Si in the crystal lattice, but the degree of substitution is mineral dependent, as exemplified by the variation of Ge/Si ratios in silicate materials (0.5-6 mmol/mol) [Bernstein, 1985; Kurtz et al., 2002] . Ge/Si is fractionated during low-temperature weathering or hydrothermal processes. Weathering of continental rocks yields riverine fluxes with lower Ge/Si ratios of 0.4-1 mmol/mol than the bulk upper continent crust (1.8 mmol/mol) [Froelich et al., 1985; Mortlock and Froelich, 1987; Rudnick and Gao, 2003 ], leaving weathering residues (e.g., soil) enriched in Ge [Kurtz et al., 2002] . In contrast, hydrothermal fluids have much higher Ge/Si ratios (11 mmol/mol) than oceanic basalts (2.5 mmol/mol) [De Argollo and Schilling, 1978; Mortlock and Froelich, 1986; Mortlock et al., 1993] .
Because biogenic silica does not fractionate Ge from Si [Froelich et al., 1989; Murnane and Stallard, 1988] , seawater Ge/Si ratios reflect varying proportions of hydrothermal and continental weathering fluxes. In the modern ocean, a seawater Ge/Si of 0.72 implies that continental weathering may be the dominant Si influx (80-90%) into the oceans [Froelich et al., 1989] . This estimate is broadly consistent with the predominant Si influx from continental weathering (80%) [Tr eguer et al., 1995] . Although it is unclear whether Ge/Si is preserved during diagenesis, linear correlation between seawater strontium isotopes and Ge/Si of Mesozoic and Cenozoic deep sea cherts suggest that Ge/Si in cherts are robust proxies [Kolodny and Halicz, 1988] . The second goal of this study is to use the bedded cherts as potential proxies for understanding seawater chemistry. There is geochemical evidence indicating that the Laobao-Liuchapo bedded cherts were deposited in reducing conditions. For example, enrichment in redox sensitive trace elements (U, V, Mo) with low Th/U, high V/Sc and V/(V1Ni) argues that the deposition of the Laobao chert occurred under an anoxic conditions [Chang et al., 2012] . Similar conclusions have been drawn from Fe speciation and sulfur isotope studies of the equivalent Liuchapo cherts deposited on the slope of the SCB [Wang et al., 2012a] , although it is still unclear whether Fe speciation can be applied to cherts. These observations suggest that the terminal Ediacaran seawater in the deep water settings of the SCB might have remained anoxic after the hypothesized oxidation of Ediacaran ocean [Chang et al., 2012; Wang et al., 2012a] . What is unclear is whether the DOC content continued to remain high. Ge/Si systematics may provide some insight because chelation of Ge with organic compounds followed by absorption onto clay mineral surfaces can lead to clay components with high Ge/Si ratios and thus may be diagnostic of seawater with high DOC content [Pokrovski and Schott, 1998; Pokrovski et al., 2000; Shen et al., 2011a] . In a previous study, we examined the Ge/Si systematics of cherts from the Doushantuo formation, which formed in the early Ediacaran, predating the oxidation of Ediacaran ocean (the Shuram excursion). We showed that Ge/Si systematics were consistent with high DOC in seawater prior to the oxidation of Ediacaran ocean [Shen et al., 2011a] . Here we build on the use of Ge/Si systematics as a diagnostic of DOC levels in seawater by examining the Ge/Si systematics of the younger Laobao cherts to help evaluate whether high DOC oceans extended into the Ediacaran-Cambrian transition.
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Geological Background
Terminal Ediacaran to early Cambrian bedded chert formations are variably called the Laobao cherts in northern Guangxi province, the Liuchapo cherts in Guizhou and Hunan provinces, and the Piyuancun cherts in Anhui and Zhejiang provinces. In this paper, chert samples were collected from the Laobao Formation in the Silikou section in the Sanjiang county, northern Guangxi province (Figure 1 ). Paleodepositional environment reconstructions indicate that the Sanjiang area was located in deep basinal environments of the SCB [Jiang et al., 2011; Wang and Li, 2003; Wang et al., 2012b] . In the Sanjiang area, the Cryogenian (750-635Ma)-Ediacaran succession consists of, in ascending order, the Chang'an, Fulu, Lijiapo, Doushantuo, and Laobao Formations (Figure 2 ). The Laobao Formation conformably overlies the siltstone and mudstone of the Doushantuo Formation, and consists of black, organic-rich, thin to medium-bedded cherts (Figures 2,  3a , and 3b). Many chert layers are finely laminated (Figure 3d ). The upper boundary of the Laobao Formation is marked by the presence of black shale of the early (?) Cambrian Qingxi Formation. The contact between the Laobao chert and Cambrian black shale is conformable.
The Laobao chert has traditionally been compared with the Liuchapo Formation deposited in the slope environments of SCB [Wang et al., 1980] ; both have been regarded as equivalent to the Dengying carbonates in the Yangtze carbonate platform [Wang et al., 1984a [Wang et al., , 1984b . However, recent studies indicate that the upper boundaries of the Dengying Formation and the Laobao-Liuchapo cherts are not synchronous [Amthor et al., 2003; phosphorite of the Yanjiahe Formation is estimated to be 538 Ma, close to the Ediacaran-Cambrian boundary [Amthor et al., 2003] . However, the Laobao-Liuchapo Formation might have extended into Cambrian, and upper boundary of the Laobao-Liuchapo chert might be diachronous within the SCB [Chen et al., 2015; Wang et al., 2012b Wang et al., , 2012c . Small shelly fossils recovered from the upper Liuchapo Formation are composed of a mixture of the small shelly fossil assemblage I and assemblage II, suggesting an extension to the Tommotian (534-530Ma) [Wang et al., 1984b] . Typical Ediacaran fossils, Palaeopascichnus have been reported from the Liuchapo cherts in central Guizhou province and the equivalent Piyuancun cherts in southern Anhui province [Dong et al., 2008 [Dong et al., , 2012 . Based on our observations, Palaeopascichnus occurs in the lower Laobao Formations as well ( Figure 3c ). The paleontological data imply that the LaobaoLiuchapo cherts were deposited from the terminal Ediacaran to early Cambrian. Thus, the Ediacaran-Cambrian boundary is located within the Laobao-Liuchapo Formation.
Methods
Polished thin and thick sections were prepared for petrographic observation and laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) analyses, respectively, at Rice University (USA). Measurements were conducted at medium mass resolution (m/Dm 5 3000). The following masses were monitored: Ar 1 dimer during each run. We chose the transect mode for laser ablation. The following laser operating parameters were used: laser beam diameter of 55 lm, pulse frequency of 10 Hz, energy intensity at a 20 J/cm 2 , and at beam moving velocity of 20 lm/s. A 30 s gas background was acquired while the laser was off, followed by ablation and acquisition of the signal. After subtracting background gas signals from sample signals, the background-corrected signals were normalized to the 30 Sisignal, which we used as an internal standard. External reference glass standards (United States Geological Survey basaltic glasses BHVO2g, BCR2g) were analyzed before the sequence of samples. For each sample, at least four measurements were taken from the least altered areas. Background-corrected signals were converted into elemental concentration ratios by calibration against BHVO2g and BCR2g external standards. Absolute compositions were calculated from elemental ratios and on a volatile-free basis (i.e., C, S, and H). In this treatment, all the measured major and minor elements are considered as oxides (Na 2 O, MgO, Al 2 O 3 , SiO 2 , P 2 O 5 , K 2 O, CaO, TiO, MnO, and FeO) and then sum up to 100%. This approach has a slight systematic bias, because Ca and Mg could be in the form of carbonate and Fe could be in the form of Fe 2 O 3 or FeS 2 . For most samples, the calculated SiO 2 contents are greater than 90%, so the volatile-free concentrations of other oxides are biased by 5% at most. However, such bias in absolute concentrations does not apply to Ge/Si ratios. Ge/Si is expressed here in lmol/mol. Analytical uncertainties are calculated by multiple measurements of BHVO2g and BCR2g standards. The relative uncertainty of Ge/Si is better than 8% (1r). LA-ICP-MS measurements are bulk measurements so do not differentiate between different components in the chert. However, component proportions can be estimated by multielement mass balance inversion.
Results
Eight Laobao chert samples were analyzed. The major and trace element compositions as well as Ge/Si (lmol/mol) are listed in Table 1 . Based on major element compositions, the Laobao chert can be classified into three types (Figures 4a-4d ). Type A cherts (n 5 5) are characterized by high SiO 2 (average 93 wt %), low MgO 1 CaO (<2 wt %), and high MgO/CaO (0.5-35 with average of 9.5 (wt %/wt %)). Type B chert (n 5 1) has low SiO 2 (73 wt %), high Mg and Ca contents (MgO 1 CaO 5 11 wt %), and low MgO/CaO (0.5). Type C cherts (n 5 2) have intermediate SiO 2 (84 wt %), MgO 1 CaO (3.9 wt %), and MgO/CaO (0.5-3 with an average of 1.2), but high Al 2 O 3 content (6.6 wt %). High Al 2 O 3 likely reflects higher clay content, whereas high CaO reflects greater carbonate content.
The three chert types have systematic variations in Ge/Si ratios (Figure 4e ). Type A cherts have the lowest Ge/Si ratio, ranging from 0.4 to 0.9 with an average of 0.6 (excluding one outlier with unusually low SiO 2 and high MgO 1 CaO). Type B chert with high MgO 1 CaO has high Ge/Si ratio of 1.5. Ge/Si ratios of Type C cherts overlap with the upper range of Type A cherts, ranging from 0.6 to 0.9 with an average value of 0.7 (excluding one outlier with very low SiO 2 but high MgO 1 CaO). Two measurements were made on pyrite/ iron-oxide crystals identified under microscope. These iron-rich (>60% of FeO) minerals are characterized by very high Ge/Si (3.6 and 3.5).
Discussion

Major Element Compositions of the Laobao Cherts
The compositional difference between Type A and Type B cherts is mainly due to the presence of a greater dolomite component in Type B cherts. Stoichiometric dolomite has MgO/CaO of 0.7 by weight. Thus, Type B cherts, with low MgO/CaO of 0.5 but high MgO 1 CaO, derive their Mg and Ca contents from dolomite ( Figure 4a ). This is consistent with the presence of dolomite residue under microscope. In contrast, high MgO/CaO of Type A and Type C cherts implies Mg must derive from additional Mg-rich sources besides dolomite (Figure 4a Geochemistry, Geophysics, Geosystems (Figure 4c ). This scenario is also supported by higher K 2 O/Na 2 O in Type A and Type C cherts because K is more strongly than Na to be incorporated into clay minerals and Na is more prone to coprecipitate with carbonate ( Figure 4f ).
Another discernible component in the Laobao cherts is pyrite and iron-oxides. These Fe-rich minerals may account for most of the Fe in the Laobao cherts. Pyrites are the products of H 2 S reacting with Fe during bacterial sulfate reduction under anoxic conditions [Habicht and Canfield, 1997; Passier et al., 1997] , whereas iron-oxides might be derived from post-depositional oxidation of pyrite. In summary, the major element composition of the Laobao cherts can be described as a mixture of four components: quartz, carbonate (mainly dolomite), clay, and pyrite/iron-oxide.
Si Source of the Laobao Cherts
Precipitation of the Laobao-Liuchapo cherts in SCB requires abundant influx of Si (Figure 1 ). It is unclear whether Si was directly sourced from hydrothermal fluids or seawater, the latter of which is a mixture of continental weathering and hydrothermal fluid inputs. Today, most of the Si influx into the oceans is thought to come from continental weathering because modern seawater Ge/Si is low (0.72) [Froelich et al., 1985 [Froelich et al., , 1992 Mortlock and Froelich, 1987] . In contrast, significant enrichment of Ge in hydrothermal fluids results in 1 order of magnitude higher Ge/Si than that of seawater (11) [Mortlock and Froelich, 1986; Mortlock et al., 1993] . Thus, if we can determine the Ge/Si of end-member components in these cherts, we may be able to evaluate the relative contributions of Si to the cherts. Geochemistry, Geophysics, Geosystems where the element symbols represent the mass concentrations of a given element in each component and the bulk (where the subscripts T, SiO 2 , Clay, carb, and pyrite denote total composition, quartz, clay, carbonate, and pyrite/iron-oxides components, respectively) and x i is the mass fraction of component i.
The Ge/Si of the quartz component is estimated from the measurements with the highest SiO 2 content. It can be seen that Ge/Si is lowest (0.4-0.5) when SiO 2 is greatest (Figure 4) . These values are likely maximum bounds on the Ge/Si of the quartz component in the Laobao chert for the following reasons. First, measurements with higher MgO 1 CaO content have significantly higher Ge/Si than those with lower MgO 1 CaO, suggesting that the carbonate component is characterized by high Ge/Si. Five measurements (three from Type B, one from Type A, and one from Type C cherts) with high MgO 1 CaO show exclusively higher Ge/Si (>1.2) than the Ge/Si of Type A and Type C cherts (0.6 and 0.7). High Ge/Si of the carbonate component cannot be attributed to the low Si content alone, because SiO 2 contents of these measurements (70 wt %) are only 25% less than that of Type A cherts (Figure 4a ). Second, clay minerals are also more enriched in Ge than the quartz component [Kurtz et al., 2002] . This is also evidenced by the positive correlations between Ge/Si and Al contents for most Laobao cherts samples ( Figure 5 ). Finally, the precipitation of iron-oxide tends to absorb Ge [Bernstein, 1985] , which may partly explain the systematic difference in Ge/Si between Si-rich and Fe-rich bands in banded iron formation [Hamade et al., 2003; Maliva et al., 2005] . Ge accumulation in iron-oxide is supported by the direct measurements of pyrite/iron-oxide particles indicating very high Ge/Si (Table 1) . Therefore, incorporation of any component besides quartz will increase the Ge/Si of chert.
Our estimated Ge/Si of 0.4-0.5 of the quartz component is significantly lower than that of hydrothermal fluids [Mortlock and Froelich, 1986; Mortlock et al., 1993; Wheat and McManus, 2008] , suggesting that hydrothermal fluids may not be the direct Si source of the Laobao cherts. Instead, Ge/Si of the quartz component is close to the modern seawater composition (0.72) [Froelich et al., 1985; Hammond et al., 2004] , diatom frustules [Murnane and Stallard, 1988] , as well as Cretaceous radiolarite that is thought to derive from dissolution-reprecipitation of siliceous radiolarian skeletons ( Figure 5 ) [Rouxel et al., 2006] .
In the modern ocean, the dissolved Si content of surface waters is low due to biogenic silica formation, and thus abiotic precipitation of silica directly from seawater is not possible. The only way to generate massive chert deposits, such as radiolarites, is through dissolution of biogenic silica, followed by reprecipitation of Si within sediments [Hesse, 1989] . However, dissolution of biogenic silica is probably not the major source of Si for the Laobao cherts during the Ediacaran-Cambrian transition, given that the dominant silica-secreting organisms in modern oceans (diatoms) did not evolve until the Mesozoic, and radiolarians and siliceous sponges may not have been ecologically important during the Ediacaran [Racki and Cordey, 2000; Siever, 1992] . Although the earliest fossil record of radiolarians probably can be traced back to the Early Cambrian [Braun et al., 2007; Racki and Cordey, 2000] , they have never been abundant in Cambrian rocks. The arrival of sponges dates back into the Ediacaran and probably into the Cryogenian [Brasier et al., 1997; Gehling and Rigby, 1996; Li et al., 1998; Love et al., 2009; Steiner, 1994; Zhou et al., 1998 ], but despite the early appearance of sponges, it is not until the Cambrian that sponge fossils become abundant [Rigby and Hou, 1995; Steiner et al., 1993; Zhang and Pratt, 1994] , as exemplified by abundance of sponge spicules and Burgess-shale type soft-bodied sponge fossils from the early Cambrian black shale of the Niutitang Formation in Hunan and Guizhou provinces and the equivalent Hetang Formation in Anhui province [Xiao et al., 2005; Yuan et al., 2002] .
It seems likely that direct abiotic precipitation of dissolved Si from seawater, rather than dissolution/precipitation of biogenic silica produced by canonical silica-secreting organisms (e.g., radiolarian, siliceous sponge), might be one plausible mechanism for precipitating the Laobao cherts. However, abiotic silica precipitation might be facilitated by microbial activities. Recent discovery of Si-accumulation picocyanobacteria in the modern ocean indicates that such microbes can significantly enrich Si in cells, resulting in high cellular Si/P and Si/S comparable to those of diatoms [Baines et al., 2012] .
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Paleoenvironmental Background of Laobao Cherts Formation
In this section, we develop a model to quantify the Ge/Si systematics of the Laobao cherts. The Ge/Si ratio of bulk chert is given by:
; SiO 2 ; carb; and pyrite
where subscripts chert, clay, SiO 2 , carb, and pyrite represent bulk chert, the clay, quartz, carbonate, and pyrite components, respectively; x i is the mass fraction of the component i in chert; Si i is the SiO 2 concentration within component i. For Type A and C cherts, the quartz and clay components account for 99 wt % (SiO 2 1Al 2 O 3 1Na 2 O1K 2 O1MgO 5 98.9 wt %, excluding one outlier) and 96 wt % (SiO 2 1Al 2 O 3 1Na 2 O1K 2 O 5 95.9%, excluding one outlier) of the total mass, so the concentrations of carbonate and pyrite within these cherts are very low. Si is also a trace element in the carbonate and pyrite components and thus their contributions to the Ge/Si systematics of the chert are negligible. The four component mixing equation can be simplified to a binary model that only considers mixing between quartz and clay components, as done by Shen et al. [Shen et al., 2011a] ; ''Cret. Chert'' represents Cretaceous radiolarite deep sea chert [Rouxel et al., 2006] . 
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The Al content in the clay component is related to clay mineral type. The most likely clay minerals in marine sediments are smectite and illite, which have Al 2 O 3 /SiO 2 of 0.25 and 0.6 (wt %/wt %) [Awwiller, 1993] . We calculate a range of f using smectite and illite end-members. To obtain the Ge/Si ratio of clay from equation (5), we assume that the Ge/Si ratio of quartz, ðGe=SiÞ SiO2 , is 0.4 (wt %/wt %), corresponding to the maximum estimate of quartz Ge/Si in the Laobao cherts.
As shown in Figure 5 , the Laobao cherts and the Doushantuo chert nodules plot in different regions of the Al 2 O 3 -Ge/Si cross plot. The estimated ðGe=SiÞ clay of the Laobao chert varies from 1 to 5 if smectite is assumed and from 1 to 10 if illite is assumed. Both numbers are within the range of Ge/Si of typical marine clays and the clay component of Cretaceous deep sea radiolarite cherts [Bernstein, 1985; Kurtz et al., 2002; Rouxel et al., 2006] , but 1-2 orders of magnitude lower than ðGe=SiÞ clay of the early Ediacaran Doushantuo chert nodules [Shen et al., 2011a] (Figure 5 ).
The early Ediacaran Doushantuo chert nodules are interpreted to have formed in an intraplatform basinal environment, whereas the late Ediacaran-early Cambrian Laobao chert is interpreted to have deposited in a deep basinal environment. The high ðGe=SiÞ clay (ranging from 20 to 400 mmol/mol versus <10 mmol/mol in modern marine sediments) of the Doushantuo chert nodules is interpreted to reflect the presence of high DOC content in the early Ediacaran seawater [Shen et al., 2011a] . With high DOC content, Ge is prone to chelate with organic matter, forming Ge-Org complex [Pokrovski and Schott, 1998; Pokrovski et al., 2000] , whereas Si remains in inorganic Si(OH) 4 form. Further absorption of Ge-Org complexes onto clay mineral surfaces results in the formation of a Ge-Org-Clay complex, enhancing the Ge/Si ratio of clay ðGe=SiÞ clay .
The Laobao cherts, by contrast, have low ðGe=SiÞ clay (1-10 mmol/mol), suggesting low DOC content in lateEdiacaran seawater. We speculate that when the Laobao cherts were formed, seawater Ge was mainly in inorganic Ge(OH) 4 form, and remained so when incorporated into the quartz component. With the absence of Ge-Org complex in seawater, Ge in the clay component is sourced from the replacement of Si within the crystal lattice of clay mineral, not by adsorption of Ge-rich organics, thus explaining why the ðGe=SiÞ clay of the Laobao cherts is similar to that of typical marine clay minerals.
The clay Ge/Si ratios suggest that the high DOC conditions of early Ediacaran oceans did not extend into the Ediacaran-Cambrian transition. While the terminal Ediacaran deep water settings of the SCB might have been anoxic [Chang et al., 2012] , the DOC concentration was already low enough that seawater Ge was dominated by Ge(OH) 4 instead of Ge-org complexes. Depletion of seawater DOC in the deep basinal environments of the SCB might be related to the possible oxidation of Ediacaran ocean, as suggested by a large negative carbon isotope excursion in the Member III of the Doushantuo Formation (the Shuram Excursion) in the Yangtze platform [McFadden et al., 2008; Zhu et al., 2013] . The negative carbon isotope excursion is interpreted as remineralization of 13 C-depleted DOC during the oxygenation of Ediacaran deep oceans [Fike et al., 2006; Kaufman et al., 2007; McFadden et al., 2008; Shen et al., 2011b] . If so, we speculate that the oxidation of the Ediacaran ocean was so effective that even DOC stored within deep water settings in SCB might have been oxidized. However, there is another possibility that cannot be ruled out at current time. Because the Shuram excursion is not well recorded in the slope and basinal sections [Jiang et al., 2007] , it is possible that only the intermediate depth of water column (probably corresponding with the sulfidic wedge) is enriched in DOC [Li et al., 2010] , whereas the deep water (probably the ferruginous zone) might be DOC poor. To further differentiate these two hypotheses, measurements of chert nodules from the deep water Doushantuo Formation or the Dengying carbonate in the shallow platform are required.
Constraints on Bedded Chert Formation
The presence of the carbonate component (Figures 4a and 4b ) and the preservation of dolomite relicts and ghosts of dolomite precursors in the Laobao cherts may suggest the cherts originate from carbonate replacement [Maliva et al., 2005] . However, unlike most Phanerozoic carbonate-replacement cherts, which derive from dissolution and reprecipitation of biogenic silica (e.g., siliceous sponge spicules, radiolarian tests, and diatom frustules) [Hesse, 1989; Maliva et al., 2005] , Ge/Si ratios suggest that normal seawater provides most of the Si for the Laobao chert formation. Furthermore, most Phanerozoic carbonate-replacement cherts are characterized by chert nodules or thin discontinuous layers within carbonate host rocks. It is less likely for carbonate-replacement cherts to form continuous bedded cherts with significant thickness (up to 100 m) and wide range of geographic distribution (more than hundreds of thousands of km 2 ). Carbonatereplacement origin of the Laobao chert is also not supported by the presence of centimeter-scale chertdolomite alternations in some localities.
If carbonate replacement is not the main cause of the bedded chert formation, alternative possibilities are that the Laobao cherts precipitated directly from seawater and/or during replacement of calcareous sediments near the sediment-water interface during very early diagenesis. Both scenarios are plausible, given the high Si concentration in Precambrian seawater [Siever, 1992] . However, high Si content in seawater is unlikely to be the only control on Laobao chert formation, so additional factors must be considered as well.
A recent study indicates that some picocyanobacteria can accumulate Si from modern Si-poor seawater, as evident by the high cellular Si/P and Si/S ratios approaching to those of diatoms [Baines et al., 2012] . This finding implies that microbial activities play an important role in the modern marine Si cycle. It is well known from the fossil records that siliceous sponges and radiolarians had already evolved during late Ediacaran-early Cambrian [Racki and Cordey, 2000] . Thus, it is plausible that, along with the evolution of siliceous sponges and radiolarians, some bacteria might have acquired the function of Si accumulation during the Ediacaran-Cambrian transition. Possible involvement of Si-accumulation bacteria for the bedded chert formation is consistent with the widespread microbial structures/laminations seen in the Liuchapo-Laobao chert [Hu, 2008] .
The Laobao cherts may ultimately provide new insight into the secular variation in silica diagenesis. Early diagenetic subtidal cherts are limited in Paleoproterozoic, whereas early diagenetic cherts are restricted in peritidal environments during Mesoproterozoic and Neoproterozoic [Maliva et al., 2005] . Early diagenetic origin of the Laobao cherts deposited in the subtidal environments implies that the reoccurrence of early diagenetic subtidal cherts during the Ediacaran-Cambrian transition, is probably due to the sudden emergence of Si-accumulation bacteria that parallels the evolution of biomineralization of silica.
Conclusions
The Laobao-Liuchapo bedded chert is composed of four components: quartz, carbonate, clay, and pyrite/ iron-oxide components. The Ge/Si ratio of the quartz component is estimated to be 0.4-0.5 lmol/mol. This value excludes the probability of direct hydrothermal origin of Si; instead, the Si in the Laobao chert is mainly from normal seawater. ðGe=SiÞ clay of the Laobao chert is estimated ranging from 1 to 10 lmol/mol, within the range of typical marine clay minerals, but in sharp contrast to the high ðGe=SiÞ clay of the early Ediacaran Doushantuo chert nodules. We suggest that low ðGe=SiÞ clay of the Laobao chert implies low DOC concentration in the terminal Ediacaran seawater. Absence of high DOC content in the deep water environment of SCB may have resulted from massive oxidation of DOC stored in Ediacaran deep oceans during the oxidation of Ediacaran oceans. Finally, direct seawater origin of the Laobao cherts is inconsistent with the carbonate-replacement mechanism. Instead, silica precipitation in the early diagenesis might be the most likely cause. We speculate that the possible occurrence of Si-accumulation bacteria might have played a role in the Liuchapo-Laobao bedded chert formation in SCB.
